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The porcine group A rotavirus CC86 was characterized to explore its utility as a tool for mutation analysis. It has a
semiduplication of the gene 11 RNA segment. Nucleotide sequence determination of cDNA confirmed that the NSP5 coding
sequence and the conserved nontranslated termini of the RNA segment were retained. A comparison of the NSP5 genes
of CC86 and CN86 that were isolated from the same fecal specimen showed eight base pair changes, suggesting that
CN86 was not the immediate progenitor of CC86. Synthesis of NSP5 in monkey MA104 cells infected with CC86, CN86, or
simian rotavirus SA11 was compared by one- and two-dimensional polyacrylamide gel electrophoresis. NSP5 from all three
viruses had similar posttranslational modifications, and no difference in the expression levels was observed. To experimen-
tally address the genetic stability of CC86 segment 11, the virus was passaged by serial plaque to plaque transfer. The
repeated genetic bottlenecking led to a gradual loss of fitness. This effect is not observed when virus is passaged by the
standard method of moderate dilution. Nucleotide sequence analysis of cDNA clones isolated from viral segment 11 RNA
of virus from plaque-to-plaque passage numbers 0, 1, 4, and 8 showed occasional base substitutions, mostly in the NSP5
coding sequence. Two mutations, leading to His-to-Arg and Lys-to-Arg replacements, respectively, in NSP5 were established
in the virus population. Forward and reverse base pair changes (A-U } G-C) at the two sites appeared to be concerted and
take place at a very high frequency, suggesting that a mechanism equivalent to RNA editing might operate. The overall
mutation rate of segment 11 was much lower, having a calculated maximal value of 5 1 1005 per replicated base. q 1996
Academic Press, Inc.
INTRODUCTION Studies of genetic drift of rotavirus in vitro and in vivo
(Arias et al., 1986; Flores et al., 1988) demonstrated only
Group A rotaviruses are the predominant etiological
few base pair substitutions during extended passage.
agent of acute viral gastroenteritis of the young (Bern
However, the mutation rate was not quantified, and
and Glass, 1994). The genome of rotavirus consists of
whether the slow genetic drift resulted from an accurate11 segments of double-stranded RNA (dsRNA). Within
replication mechanism or from a high selective pressuregroup A rotaviruses, the size and coding potential of the
is not clear.RNA segments is highly conserved (Desselberger and
Evidence for functional selection as an element of se-McCrae, 1994). Genetic studies of rotavirus beyond map-
quence conservation in rotavirus comes from studies ofping have to be carried out with classical methods, since
the evolutionary variants with partial gene duplications.purified viral RNA is not infectious. Without this tool it is
The general structure of these duplication mutants sug-also difficult to analyze the accuracy of RNA replication,
gests that the viral RNA replicase has slipped back ona factor of fundamental importance for the genetic stabil-
the template during the polymerization reaction and thenity of the virus.
resumed synthesis (Estes and Cohen, 1989). In this way,The average nucleotide substitution frequencies of vi-
the normal gene of the RNA segment is followed by aral and cellular RNA polymerases is very high: exceeding
truncated copy in the same orientation. Most duplicatedby more than one million-fold the mutation frequency of
segments are not translated, although this is not a rulethe DNA replication system of the vertebrate host cells
(Tian et al., 1993). As expected for nontranslated gene(Britten, 1986; Kornberg and Baker, 1991; Steinhauer and
copies, they contain base substitutions, compared to theHolland, 1986; Steinhauer and Holland, 1987). The low
expressed original (Ballard et al., 1992; Gonzalez et al.,fidelity of RNA polymerases is due to the lack of an
1989; Gorziglia et al., 1989; Matsui et al., 1990; Scottassociated proofreading exonuclease and possibly to an
et al., 1989). The fraction of substituted bases varies inintrinsic error rate that is higher than that for DNA poly-
different isolates and may reflect the age of the duplica-merases (Steinhauer et al., 1992; Ward and Flanegan,
tion variants. Duplication variants are stable and do not1992). Moreover, postreplication mismatch repair does
readily revert to the original RNA segment configuration,not take place in RNA genomes.
even during passage in vivo (Theil and McCloskey, 1988).
It is possible that the stability is caused by a selective1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 46-18-509876. E-mail: mago@bio.embnet.se. advantage of partially duplicated RNA segments. It may
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be in gene expression, replication, or assembly of RNA mg/ml DEAE-dextran. Plaques were allowed to develop
for 6 days before isolation of virus. In serial plaque-to-segments during virion morphogenesis.
To approach the question of the intrinsic mutation rate plaque passage, virus from single plaques was collected
and suspended in 1 ml DMEM. Tenfold dilutions of thisof the rotavirus genome, we have used the porcine CC86
isolate as a tool. It has a partial duplication in the original material in DMEM were activated with trypsin and used
as the inoculum for the next round of infection.segment 11, distinguishing this strain from CN86, which
was isolated from the same fecal specimen (Mattion et For detection of capsid antigen by immunohistochem-
istry, MA104 cells grown in 96-well plates were infectedal., 1990). Hence, gene expression of a normal RNA seg-
ment and that of a closely related RNA segment with a with dilutions of protease activated rotavirus and after
16 hr were fixed by treatment with 80% acetone in phos-semiduplication can be compared. The gene 11 product
is the nonstructural protein NSP5 (previously designated phate-buffered saline (PBS) for 10 min. The fixed cells
were incubated for 1 hr at 377 with rabbit antiserumNS26), which is very rich in serine (Mitchell and Both,
1988). Two major forms of NSP5 are present in infected raised against SA11 rotavirus particles. Secondary anti-
bodies conjugated with alkaline phosphatase werecells with apparent sizes of 26 and 28 kDa, respectively,
as determined by PAGE. NSP5 is posttranslationally added and incubation was continued for 1 hr at 377.
Infected cells were visualized after development withmodified by phosphorylation (Welch et al., 1989) and O-
glycosylation (Gonzalez and Burrone, 1991). No function naphtol substrate (Fast Red tablets, Boehringer Mann-
heim) and counted in the microscope. Virus titers ob-has yet been attributed to the NSP5 protein.
On the basis of earlier investigations, we hypothesize tained by immunohistochemistry are expressed as focus
forming units per milliliter (FFU/ml).that the duplicated part of RNA segment 11 is under
little selective pressure at the gene product level and In mixed infections with CC86 and SA11 virus, MA104
cell monolayers grown in 24-well plates were inoculatedtherefore might serve as a probe for mutation. We started
by extending the studies on the porcine rotaviruses CC86 as described (Mattion et al., 1990). After three undiluted
passages of the mixed virus, viral RNA was extractedand CN86 (Mattion, et al., 1990). The nucleotide se-
quence of cloned cDNA from segment 11 or its homo- from cell lysates using phenol, concentrated by ethanol
precipitation, and analyzed by PAGE (Laemmli, 1970).logue was determined. This analysis confirmed that gene
11 of CC86 contained a partial duplication in a head- The dsRNA segments of CC86 and SA11 having distin-
guishable mobilities (1, 4, 5, 6, 10, and 11) were quantifiedto-tail configuration, but also demonstrated significant
genetic drift of CC86 in relation to CN86. To investigate by densitometry of silver-stained gels.
whether the duplication influenced NSP5 expression and
to investigate variation in posttranslational modification, Cloning and sequencing of genome segment 11
protein synthesis in infected cells was analyzed. Finally,
we performed serial plaque-to-plaque passage of CC86 Viral genomic dsRNA was extracted from infected cell
lysates by phenol treatment and then purified by bindingvirus, to investigate whether the duplicated portion of
CC86 segment 11 had a more rapid genetic drift than to CF11 cellulose (Whatman), using a procedure pre-
viously described (Wilde et al., 1990). Purified dsRNA (10the major part of the segment.
mg) was denatured and annealed with primers for cDNA
synthesis. We used two synthetic 18-residue oligonucle-MATERIALS AND METHODS
otides complementary to the 5* and 3* ends of segment
Cells and virus
11 of SA11 rotavirus (11plus, 5*-GGCTTTTAAAGCGCT-
ACAG-3*; 11minus, 5*-GGTCACAAAACGGGAGTGG-3*).MA104 fetal Rhesus monkey kidney cells were ob-
tained from ECACC (Porton Down, England). They were Synthesis of cDNA was done using AMV reverse tran-
scriptase (Promega). The same set of primers was usedgrown in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 5% fetal calf serum (FCS). Group A for the subsequent amplification by polymerase chain
reaction (PCR), using the Taq DNA polymerase (Pro-porcine rotavirus CC86 and CN86 were isolated from the
same diarrheic piglet and adapted to growth in MA104 mega) under the conditions previously described (Black-
hall et al., 1992).cells (Mattion et al., 1990). Simian rotavirus SA11 was
obtained from Dr. R. F. Ramig (Baylor College of Medi- The PCR products were separated by agarose gel
electrophoresis and the recovered fragments were li-cine, Houston, TX). Virus was propagated in MA104 cell
as previously described (Mattion et al., 1989). For plaque gated directly to pGEM T-vector DNA (Promega). Clones
of recombinant plasmids with the segment 11 gene fromassay, confluent monolayers of MA104 cells were
washed twice with Tris-buffered saline and the trypsin rotavirus CN86 and CC86 were subjected to nucleotide
sequence analysis by using the Sequenase kit (U.S. Bio-activated virus inoculum was allowed to adsorb for 1 hr
at 377. The inoculum was removed and overlay DMEM chemical). The 5* and 3* regions were sequenced with
primers flanking the insert. To obtain the sequence ofcontaining 0.5% (wt/vol) purified agar (Oxoid) was added.
The agar medium was supplemented with 20 mM the middle part of the gene, nested deletions were gener-
ated by exonuclease III digestion, following the proce-HEPES, 40 mM NaHCO3 , 5 mg/ml pancreatin, and 100
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dure recommended by the manufacturer (Pharmacia). PBS, twice with 0.5 M LiCl, and twice again with PBS.
The immunoprecipitated samples or protein from totalOnce the nucleotide sequences of CC86 and CN86 seg-
ment 11 were established, additional primers were de- cytoplasmic extracts were mixed with electrophoresis
sample buffer, boiled, and resolved by SDS–PAGE ac-signed to sequence the segment 11 gene isolated from
the first, fourth, and eighth plaque-to-plaque passages cording to Laemmli (1970). Gels were dried and autora-
diographed. To quantify radioactivity, the gels were ana-of the CC86 strain. For each of these isolates, complete
nucleotide sequences were determined. The sequences lyzed in a GS-250 Molecular Imager (Bio-Rad).
were determined from one strand of the cDNA termini
and from both strands of the major, central parts of the Analysis of cellular and viral proteins by 2-D PAGE
cDNA clones. In view of possible nucleotide misincorpo-
For two-dimensional (2-D) PAGE (O’Farrel et al., 1977),ration during cDNA synthesis and PCR and possible ex-
the cytoplasmic extracts or immunoprecipitated samplesperimental errors, three clones of each isolate were ana-
were mixed with an equal volume of electrofocusinglyzed. The nucleotide sequence data from low-passage
buffer consisting of 9.5 M urea, 2% ampholytes, pH 3.5–virus reported in this paper have been submitted to the
10 (Ampholine, Pharmacia), 5% 2-mercaptoethanol, andEMBL nucleotide sequence database and have been as-
2% Nonidet-P 40. Before the samples were applied tosigned Accession No. X80537 for CC86 and X80538 for
the gels, they were saturated with urea by the additionCN86.
of the solid compound. Cell extracts not subjected to
immunoprecipitation were mixed directly with electrofo-Expression of NSP5 and preparation of antiserum
cusing buffer. In the first dimension the proteins were
A cloned gene 11 cDNA from SA11 simian rotavirus separated by isoelectric focusing in 150 1 1.5 mm rod
was ligated to the expression vector pGEX-3X (Phar- gels containing a gradient, pH 3.5–10, formed by ampho-
macia). The fusion protein formed by glutathione S-trans- lytes. Protein was applied at the anode and separation
ferase (GST) and NSP5 was produced in Escherichia coli was run for 10 hr at 400 V. In the second dimension,
HB101 cells after induction with 0.1 mM isopropyl b-D- proteins were resolved in a 12% SDS–polyacrylamide
thiogalactopyranoside. The extracted fusion protein was gel (Laemmli, 1970). The gels were dried and subjected
purified by affinity chromatography on glutathione–Seph- to autoradiography.
arose-4B (Pharmacia). The major polypeptide, eluting
with glutathione, had a mobility corresponding to 48 kDa, RESULTS
the expected size of the fusion protein. GST–NSP5 anti-
Nucleotide sequences and coding potential of CN86sera were prepared in Balb/C mice. After three immuniza-
and CC86 RNA segment 11tions the resulting antiserum reacted specifically with the
NSP5 moiety of the GST-NSP5, as tested in Western
cDNA from CN86 RNA segment 11 and from its CC86
blots.
homologue was prepared and cloned as bacterial plas-
mids. Six full-length clones were selected and the com-Labeling and extraction of protein from rotavirus
plete base sequence of the inserts was determined (Fig.infected cells
1A). The relationship between the two gene segments
is graphically depicted in Fig. 1B. Segment 11 of CN86Confluent monolayers of MA104 cells, grown in 60-
mm petri dishes, were infected with protease activated consisted of 664 bp, whereas the CC86 segment was
1002 bp long. The first 620 bp of the two types of cDNAvirus at a m.o.i. of 10 FFU/cell. After 1 hr of adsorption, the
virus inoculum was replaced by DMEM without serum. At were colinear. Following the sequence TTTTTTCGTC,
CC86 cDNA contained a second copy of nucleotides6 hr postinfection the cells were radiolabeled with either
50 mCi/ml of [35S]methionine in methionine-free DMEM 293–620 of CN86 cDNA. Next to this partial duplication,
CC86 cDNA had the normal 3*-terminal nucleotides 621–(Sigma) or with 0.2 mCi/ml carrier-free [32P]orthophosphate
in phosphate-free DMEM (Sigma). Cells were labeled for 664. The only segment of CC86 cDNA without apparent
relation to the wild-type segment 11 was the A-T-rich run1 hr at 377 before harvest. The medium was removed
and the cells were scraped off the plastic surface in Tris- of nucleotides that preceded the duplication.
A comparison of the overlapping parts of CN86 andbuffered saline. They were pelleted by centrifugation for
5 min at 5000 rpm and then lysed by incubation for 10 CC86 segment 11 to each other and to the duplicated
part of CC86 cDNA showed differences at 16 positionsmin at 207 in 150 mM NaCl, 50 mM Tris–HCl, pH 8.0, 1%
Nonidet-P 40, 50 mg/ml PMSF, and 1 mg/ml aprotinin. (Fig. 1A). All of these were transitions. Base pairs at 9
positions differed between the homologous parts ofCell lysates were centrifuged at 13,000 g for 10 min and
the supernatant was saved in a new tube. This extract CN86 and CC86 segment 11. Eight of these were within
the NSP5 coding sequence. This result suggests a ratherwas utilized for immunoprecipitation with 10 ml mouse
NSP5 antiserum for 1 hr at 47. Protein G–Sepharose distant relationship between the two virus isolates. A
pairwise comparison of the 3 homologous parts of RNAbeads (Pharmacia) were used to collect the immune
complexes. The bead suspension was washed once with segment 11 showed common and individual mutations.
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of CC86 cDNA differed from the corresponding base
pairs in the CN86 sequence. Finally, 7 base pair changes
were unique to the duplicated part of CC86 cDNA.
The gene 11 RNA segments of variants CC86 and CN86
both had the expected NSP5 open reading frame, encod-
ing 197 amino acid residues from a methionine codon at
position 22–24 to stop a codon located at position 613–
615. Also the previously noted (Mattion et al., 1991; Mitch-
ell and Both, 1988), second, out of phase (/1) open read-
ing frame was present within gene 11 of both CC86 and
CN86. The coding region of the 92-amino-acid-residue
NSP6 polypeptide extended from positions 80 to 358.
Protein analysis
The truncated NSP5 gene copy of CC86 was not ex-
pected to be translated, since the only methionine codon
available for reinitiation in the same reading frame would
lead to the formation of a 14-amino-acid peptide. Still, the
duplication might influence the level of NSP5 expression.
Amino acid sequence variation between polypeptides
might also influence posttranslational modification. This
question is pertinent, since NSP5 might be modified on
several serine and threonine residues. In the analysis
we used CN86 and CC86 virus, to investigate an effect
of the duplication, and simian rotavirus SA11, which pro-
duces a significantly different NSP5.
Cultures of MA104 cells were infected with CN86,
CC86, and SA11 virus, respectively, and protein synthesis
and phosphorylation were analyzed by radiolabeling for
1 hr, starting at 5 hr postinfection. [35S]methionine- and
[32P]orthophosphate-labeled NSP5 protein was immuno-
precipitated and analyzed by SDS–PAGE. Material la-
beled with 35S migrated as two major bands correspond-
ing to 26 and 28 kDa and minor forms with higher mobility
(Fig. 2). The SA11 NSP5, being one amino acid residue
longer than the CC86 and CN86 polypeptides, had a
slightly lower mobility. Phosphorylation of NSP5 immuno-
reactive polypeptides from the three virus strains was
also very similar. In addition to the 26- and 28-kDa poly-
peptides, there was phosphorylated material with lower
electrophoretic mobility, as observed previously (WelchFIG. 1. Comparison of nucleotide sequences and organization of
et al., 1989). Preimmune serum did not bring down anyrotavirus CN86 RNA segment 11 and the CC86 homologue. The nucleo-
tide sequence of CN86 and CC86 positive-sense cDNA strands are labeled material with a size of 26–28 kDa (Fig. 2). Quanti-
displayed (A). The duplicated segment of CC86 cDNA (CC86D), con- tation of radiactivity showed only minor differences in
sisting of nucleotides 621–958, is shown on a separate line for the sake the expression and phosphorylation of NSP5 by the three
of sequence comparison. For simplicity, the nonhomologous sequence
viruses. NSP5 expression was normalized to the synthe-TTTTTTCGTC, separating the original and duplicated gene segments,
sis of NSP2, NSP3, VP2, and VP6 by determination of 35Sis included. A diagram of CN86 and CC RNA segments is also shown
(B). Shadowed boxes represent the complete coding sequences. The incorporation into the corresponding polypeptides sepa-
open box labeled D represents the partially duplicated gene. Solid lines rated from crude cell extracts by SDS–PAGE. The ex-
indicate 5* and 3* untranslated regions and the nonhomologous linker. pression levels of NSP5 differed by less than 20% for the
three virus strains (data not shown).
NSP5 synthesis and modification were further ana-In the CN86 nucleotide sequence there were 3 base
pairs that differed from the corresponding nucleotides in lyzed by 2-D PAGE. Protein radioactively labeled with
[35S]methionine between 6 and 7 hr postinfection wasCC86 cDNA, but were identical to the homologous sites
in the CC86 partial duplication. Conversely, nucleotides subjected to isoelectric focusing followed by SDS–
PAGE. Polypeptides from extracts of uninfected cellsat 6 positions in the original and partially duplicated copy
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FIG. 2. Expression and phosphorylation of NSP5 protein in infected cells. Immunoprecipitation with mouse NSP5 antiserum or preimmune serum
was performed with NP-40 lysates of MA104 cells. The cells were infected with rotavirus SA11, CN86, and CC86, respectively, or mock-infected.
Protein was metabolically labeled from 5 to 6 hr postinfection with [32P]orthophosphate or [35S]methionine. Immunoprecipitated material was resolved
by 12% SDS– PAGE and autoradiographed. The sizes (in kDa) of protein markers are indicated on the left. Arrows indicates the 26- and 28-kDa
forms of NSP5 protein.
(Fig. 3A) and cells infected with SA11 virus (Fig. 3B) were type and to prepare cDNA, part of the material from each
plaque was used undiluted for infection of MA104 cells.compared. The result shows that cellular protein synthe-
Virus was isolated from these cultures when the cyto-sis decreased and new polypeptides appeared after ro-
pathic effect was obvious. In PAGE analysis of viral RNA,tavirus infection. The position of NSP5 in the gels was
we were unable to detect any variation in the electropho-identified by immunoreactivity. Also immunoprecipitated
retic profile during passage of virus (data not shown).NSP5 was resolved into several species with approxi-
To determine the nucleotide sequences, cDNA of genemate sizes of 26 and 28 kDa. Particularly, the 26-kDa
segment 11 was prepared from each type of virus andNSP5 expressed by SA11 (Fig. 3C) separated into five
then amplified as recombinant plasmids. The completedistinct spots with isoelectric points in the range of 4.6 –
sequence from three clones of each cDNA preparation6.0. These forms of the polypeptide are all more acidic
was determined. The result of the analysis is summarizedthan the unmodified protein, which has a theoretical pI
in Table 1. Base substitutions at 10 positions were identi-of 6.7. CC86 (Fig. 3D) and CN86 (Fig. 3E) polypeptides
fied. All mutations were transitions and probably resultedwith the same molecular mass appeared as three spots
from polymerase errors, either in RNA replication or inin the gels. Polypeptides with an apparent size of 28 kDa
preparation of cDNA. Only the mutations at position 896showed at least three spots at pI 4.6–5.6. These were
and 929 were located in the duplicated part of CC86present in cells infected with all three types of virus.
segment 11. Six of the other 8 mutations changed thePreimmune sera did not precipitate any of the NSP5 poly-
coding potential of the NSP5 gene. Whether all thesepeptides, nor were they present in extracts of mock-in-
mutant forms of NSP5 retained function could not befected cells immunoprecipitated with GST–NSP5 antise-
tested. Two base changes—at positions 455 and 551—rum (data not shown).
in the populations of plaque-passaged virus appeared
also in the progeny. Therefore, these mutations wereGenetic stability of segment 11 RNA during in vitro
definitely not introduced during cDNA synthesis. In clonepassage
1 the virus population appeared to have an A r G transi-
CC86 virus, originally plaque isolated and then propa- tion either at position 455 or at position 551. After four
gated by diluted passage for less than 10 cycles, was plaque passages (passage 4) of subclones 12 and 15,
subjected to serial plaque-to-plaque transfer. After eight respectively, the position 455 mutation predominated.
rounds the experiment had to be interrupted, since the However, after four additional passages (passage 8), the
plaque size gradually decreased for each passage of the 455 mutation had reverted in both subclones, and, in-
virus. Following the initial cycle two lines of virus were stead, the position 551 mutation reappeared. Thus, both
passaged separately. Virus isolated from a line of plaque- forward mutation and reversion at positions 455 and 551
to-plaque transfer was identified by clone number and seemed to take place at very high frequencies and in a
coordinated manner.passage number. To determine the RNA electrophero-
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FIG. 3. Analysis by 2-D PAGE of polypeptides formed in rotavirus infected cells. MA104 cells were infected with rotavirus, and at 6 hr postinfection
protein was labeled for 1 hr with [35S]methionine. Total protein in mock-infected (A) and simian rotavirus SA11 infected cells (B) was analyzed. To
identify NSP5, radiolabeled protein from cells infected with SA11 (C), porcine rotavirus CC86 (D), and CN86 (E) was first immunoprecipitated with
GST –NSP5 antiserum and then separated by 2-D PAGE. IEF indicates separation in the first dimension by isoelectric focusing. pI values are shown
above the gels and the sizes of the protein markers (in kDa) on the left-hand side. Arrows indicate the directions of migration.
Fitness of CC86 virus as a function of repeated piled from three experiments (Fig. 4) show that the low-
passage CC86 virus, used as starting material, had acloning
relatively high PFU/FFU ratio. However, the cytolytic ca-
The reduced plaque size of the clonally passaged pacity rapidly decreased by repeated cloning of virus to
CC86 virus might be due to gradually decreased infectiv- less than 10% of the initial value.
ity or diminished cytolytic capacity. To assess the lytic We have not analyzed whether the defect of the cloned
potential of CC86, we used serially diluted virus to infect CC86 virus was limited to release of complete virions.
monolayers of MA104 cells. One set of infected cultures Even in that case, the fitness of the virus would be re-
was overlayered with agar medium for plaque develop- duced, since rotavirus is a strongly cytolytic agent. To
ment (PFU). A second set of cultures was analyzed after estimate fitness of CC86 virus under competitive condi-
16 hr—approximately one rotavirus replication cycle— tions, MA104 cells were infected with mixed rotavirus
for the presence of intracellular viral antigens (FFU). The CC86 and SA11. SA11 virus was prepared by standard
diluted passage, and CC86 virus was prepared as de-ratio of PFU to FFU was then calculated. The data com-
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TABLE 1
Mutations in cDNA of the Gene 11 Segment after Serial Passage of CC86
Nucleotide at positionb
Source of virusa 99 109 259 318 398 455 533 551 896 929
Wild-type G T G T T A A A T A
Clone 1 passage 1 a — C — — — G — — — —
b — — — — — G — — — —
c — — — — — — — G — —
Clone 12 passage 4 a — — — — C G — — — —
b — — A — — G — — — G
c — — — — — G — — — —
Clone 12 passage 8 a — — — — — — — G — —
b — — — — — — — G — —
c A — — — — — — G C —
Clone 15 passage 4 a — — — — — G — — — —
b — — — — — G G — — —
c — — — — — G — — — —
Clone 15 passage 8 a — — — — — G — — — —
b — — — — — — — G — —
c — — — C — G — — — —
a cDNA was prepared from a low-passage preparation of CC86 virus and from viral RNA resulting after amplification of single plaques at the
indicated passage numbers. Three clones (a, b, c) of each cDNA preparation were analyzed.
b Nucleotide substitutions at the indicated positions in the CC86 segment 11 homologue gave rise to the following amino acid replacements:
G99A, no change; T109C, S r P; G259A, A r T; T318C, no change; T398C, I r T; A455G, H r R; A533G, K r R; A55G, K r R.
scribed above. The cells were infected at a m.o.i. of ap- staining. Determination of the average amount of the two
proximately 10 FFU/cell, with the two types of virus at types of RNA showed (Fig. 5) that repeated cloning of
ratios of 1:10 and 10:1, respectively. The mixed viruses CC86 led to a decreased fitness in competition with
were then propagated for two cycles of undiluted infec- SA11. The effect was pronounced when a low ratio of
tion of MA104 cells. Viral RNA prepared from the final
virus lysate was analyzed by PAGE. Six of the 11 genomic
dsRNA segments, with virus type-specific electrophoretic
mobility, were quantitated by densitometry after silver
FIG. 5. Analysis of dsRNA after mixed infections with rotavirus CC86
and SA11. MA104 cells were infected with rotavirus at a m.o.i. of 10
FFU/cell with mixtures of CC86 and SA11 at the ratio 10 (— n —)FIG. 4. Cytolytic activity of CC86 virus as a function of plaque-to-
plaque passage. CC86 virus was titered by immunohistochemical de- and 0.1 (— s —), respectively. After the initial infection, virus was
passaged undiluted twice more. Genomic dsRNA was then isolatedtection of viral antigens (FFU) and by the ability to form plaques (PFU)
in monolayers of MA104 cells. PFU/FFU ratios of original CC86 virus and resolved by PAGE. Gels were silver stained and RNA segments
1, 4, 5, 6, 10, and 11 were quantitated by densitometry. The percentageand derivatives isolated by plaque-to-plaque passage were calculated.
The columns represent the average values of three experiments. The of CC86 RNA from mixed infections using original CC86 virus and
derivatives isolated by plaque-to-plaque passage is shown.variance also is indicated.
AID VY 8219 / 6a21$$$323 10-04-96 00:13:33 viral AP: Virology
188 BLACKHALL, FUENTES, AND MAGNUSSON
CC86 virus was used, but marginal at a high ratio. In the in analysis of genetic drift. To investigate the base substi-
tution rate during passage of CC86 in vitro, plaque-to-analysis we did not distinguish between genomic RNA
segments in reassortant and pure virus. Therefore, the plaque transfer was performed. With this experimental
protocol the evolution of viral clones through a reason-replication of individual RNA segments might be partly
independent in the mixed infections. However, the molar ably defined number of replication cycles could be moni-
tored. Moreover, loss or dilution of mutant RNA segmentsyields of the six distinguishable CC86 and SA11 dsRNA
segments, respectively, were similar in each virus har- by reassortment was kept low when the virus population
was limited and high multiplicity of infection of cells wasvest (data not shown).
avoided. Since the latent mutation target in RNA segment
11 of CC86 was small (328 bp), we intended to performDISCUSSION
20 cycles of plaque-to-plaque passage. However, the ex-
periment had to be interrupted after eight transfers, be-Replication of RNA is an error-prone process. How-
ever, mutants that do not have cis-acting defects can be cause the plaque size of the passaged virus decreased
gradually, until the plaques were barely identifiable. Wemaintained in the population when virus is propagated at
high m.o.i. This is due to trans-complementation between have not identified the mutations causing the loss of lytic
capacity, but the effect does not appear when virus isviruses with different mutations or to the helper effect of
nondefective virus (Duarte et al., 1994). In rotavirus, with propagated by diluted passage. The reason may be that
viral RNA segments readily mix when the virus is grownits segmented RNA genome, a helper function in trans
has not been demonstrated. Instead, in mixed infections at a m.o.i.  1 and, provided that homologous segments
do not contain the same mutation, cytolytic virus may bewith viruses carrying mutations in different genes, reas-
sortment of RNA segments is the predominant rescue rescued. When virus is propagated from plaque to
plaque, genetic bottlenecks restricting recombination aremechanism (Gombold and Ramig, 1994).
The partially duplicated protein coding sequences that introduced every few replication cycles. The attenuation
resulting from this passage protocol—called ‘‘Muller’sare present in most of the variant genomes of this type
are not believed to be expressed (Estes and Cohen, ratchet’’ (Muller, 1964)—has been demonstrated in ani-
mal virus with a nonsegmented RNA genome (Duarte et1989). We chose to study the porcine rotavirus CC86 with
its partial duplication of RNA segment 11, because the al., 1994) and in bacteriophage f6 with a segmented
RNA genome (Chao, 1990).rest of its genetic structure, its protein expression, and
its multiplication in one-step growth curves were similar A major defect of plaque-to-plaque propagated CC86
was the ability to release progeny virus from infectedto the corresponding characteristics of the co-isolated
CN86 virus (Mattion et al., 1990). Thus, the duplication cells. Determination of infectious center and plaque for-
mation showed that the fraction of virus particles able toin the CC86 genome did not appear to confer a growth
advantage, at least not in vitro. This conjecture was sup- complete a cytolytic infection cycle rapidly decreased
during repeated cloning (Fig. 4). The fitness of plaque-to-ported by our observation that the CC86 and CN86 gene
11 product, NSP5, was expressed at similar levels and plaque passaged CC86 was investigated by co-infection
with SA11 and then analysis of the electropherotype ofsimilarly modified posttranslationally (Figs. 2 and 3). Even
in the distantly related simian rotavirus SA11 the extent viral dsRNA. The result showed that CC86 virus com-
peted successfully with SA11 before cloning, but thenof glycosylation (Gonzalez and Burrone, 1991) and phos-
phorylation of NSP5 was very well conserved. gradually lost this ability. Considering the dominating ef-
fect of reassortment in mixed rotavirus infections (Gom-Since CN86 and CC86 were isolated from the same
fecal specimen, the duplication variant was thought to bold and Ramig, 1994), the relative amount of dsRNA
might overestimate the fitness of the less able virus. Wehave been formed immediately before sampling, but nu-
cleotide sequence determination refuted this assump- did not analyze the amount of reassortant virus in the
mixed populations. Regardless, the experiment demon-tion. Considering the high nucleotide conservation of
RNA segment 11 in porcine rotaviruses (Lopez and Arias, strated that plaque-to-plaque transfer rapidly led to loss
of fitness in rotavirus. It is likely that several functions1993), the eight base pair substitutions that separate the
coding sequences of CN86 and CC86 gene 11 (Fig. 1A) involved in cytolytic infection suffered from mutation dur-
ing plaque-to-plaque propagation. Thus, the data are notrepresent a significant evolutionary distance. Although
CC86 is more closely related to CN86 than to other por- consistent with a low mutation rate as the basis of ge-
netic stability in rotavirus.cine rotaviruses, the two strains must have circulated in
the pig population for some time before isolation. Hence, In the plaque-to-plaque passaged CC86 virus, there
was no accumulation of base pair substitutions in thethe CC86 genome, as judged by RNA segment 11, is not
particularly labile. RNA segment 11 homologue. The mutations becoming
fixed in the population appeared already in the initialThe two 328-bp homologous segments of the CC86
segments 11 gene differed at nine positions. This obser- plaque isolation. In addition to these two mutations, the
other eight were found only in single cDNA clones. Con-vation suggested that the nonexpressed partial gene
copy was free to mutate and, therefore, is possibly useful sequently, they might have been introduced during cDNA
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TABLE 2synthesis and were certainly not present in the genome
of the virus particle that initiated the formation of the last Nucleotides in RNA Segment 11 at Positions Homologous
plaque infection. Contrary to our hypothesis, the mutation to 455 and 551
frequency was not higher in the duplicated part than in
Codonb at positionthe rest of the genomic segment.
The appearance of mutations is expected to be propor-
Virus straina 454–456 550–552
tional to the number of replication rounds. With the con-
servative replication mechanism of rotavirus RNA, the Po/CC86 CAC (His) AAG (Lys)
Po/CN86 CAC AAGnumber of replication cycles per single cell infection is
Po/C60 CAC AAGhard to assess. However, each genomic RNA segment
Po/YM CAC AAA (Lys)of progeny virus must have been replicated at least twice.
Po/OSU CAC AAA
Further, a plaque cannot be formed without at least two Bo/UK CAC AGG (Arg)
viral growth cycles. Thus, four RNA replication rounds Bo/VMRI CAC AGG
Si/SA11 CAC AAG (Lys)per plaque-to-plaque passage is a conservative estimate.
Hu/Wa CAC AAGTo calculate a maximal mutation frequency, we assume
Hu/B37 TGT (Cys) AAGthat the nucleotide sequence of the 338-bp duplicated
Hu/RV-5 TGT AAG
part of RNA segment 11 is not subject to selection and Hu/DS-1 TGT AAG
that it has replicated 31 rounds during passage zero to Hu/69M TGT AAG
La/Alabama TGC (Cys) CGG (Arg)the beginning of passage eight. If both cDNA clones 12,
passage 8, and 15, passage 8, are considered, a value
a Host species and strain designations are shown. Nucleotide se-of 5 1 1005 is obtained. Considering the entire 16-kb
quences have the following EMBL–GenBank accession numbers: CC86,
rotavirus genome, a mutation frequency of this magni- X80537; CN86, X80538; C60, D00474; YM, X69486; OSU, X15519; UK,
tude would result in one mutation per replication round. K03385; VMRI, M33606; SA11, X07831; WA, V01191; B37, M28377; RV-5.
M28378; DS-1, M33608; 69M, M33607; Alabama, J04361.The rapid phenotypic change of the virus during plaque-
b Boldface indicates nucleotides 455 and 551, respectively.to-plaque passage suggests that the overall mutation
frequency was around the calculated value.
In contrast to the putatively nonselected part of CC86
cules with base substitutions at positions 455 and 551RNA segment 11, positions 455 and 551 appeared to be
did not replicate or were inefficiently assorted in forma-very unstable in a genetic sense (Table 1). In the original
tion progeny virions. Likewise, RNA molecules with basevirus stocks there were A residues at both positions.
changes at either site might be at a disadvantage whenEither of the two, but not both, A-U pairs mutated to
homologous wild-type gene segments are present in theG-C, apparently at high frequency. Reversion of either
same cell.A-U pair to G-C was also frequent and coordinated with
Even if mutation of positions 455 and 551 leads tothe forward mutation at the second site. The mutations
counterselection of RNA segment 11 by interference orboth lead to conservative amino acid substitutions in
other mechanisms, our data still imply that the base sub-NSP5: His-to-Arg and Lys-to-Arg, respectively. It is un-
stitution rate is very high, at least at these two nucleotidelikely that these amino acid changes are deleterious to
positions. Editing of RNA molecules is a way to changethe NSP5 function, since there is variation at the corre-
bases with high efficiency. The two enzymes, double-sponding positions in NSP5 of other rotavirus strains
stranded RNA adenine deaminase and cytosine deami-(Table 2). However, it is possible that either or both sub-
nase, have been demonstrated to catalyze posttranscrip-stitutions impair NSP5 function and are selected against.
tional RNA editing (reviewed by Adler and Hajduk, 1994).High-frequency forward and reverse mutations at two
There is evidence that hypermutation in paramyxovirusdefined sites cannot be random events. However, the
(Cattaneo, 1994) and retrovirus (Hajjar and Linial, 1995)mechanism for coordinated hypermutation at the two
can be caused by RNA adenine deaminase. However, ifsites is obscure. We have not detected any nucleotide
RNA editing directs both the forward and the reversesequence similarity or complementarity suggestive of a
mutations in rotavirus CC86, it has to alternate betweensite defined by sequence. Since both the forward and
single-stranded RNA molecules of positive polarity andreverse mutations are transitions, misincorporation dur-
the minus strand of dsRNA. Our data shed no light oning synthesis of plus and minus strand RNA is possible.
the advantage of such a mechanism.However, we do not know of a mechanism involving RNA
The low base substitution frequency in rotavirus pre-polymerase that explains a high mutation frequency in
viously observed (Arias et al., 1986) was probably a resultboth directions at two specific sites and coordination
of propagating virus as a population. In our repeatedbetween the events.
cloning of virus, competition between genetic variantsThe dsRNA segments we analyzed were selected for
was kept at a minimum. It is likely that we observedtheir ability to replicate and assort into virions. Hence,
rotavirus mutants that would have been lost in competi-the coordination between the mutation events at the two
positions might be apparent. It is possible that RNA mole- tion with virus of greater fitness. Thus, selection at differ-
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cation in super short segment 11 of rabbit rotavirus Alabama strain.ent levels is probably an important factor in genetic con-
Virology 170, 587–590.servation of rotavirus, and the misincorporation fre-
Hajjar, A. M., and Linial, M. L. (1995). Modification of retroviral RNA by
quency of the rotavirus RNA polymerase might be double-stranded RNA adenosine deaminase. J. Virol. 69, 5878–5882.
considerably higher than the value of 5 1 1005 that our Kornberg, A., and Baker, T. A. (1991). DNA Replication. Freeman, New
York.data suggest.
Laemmli, U. K. (1970). Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature (London) 227, 680–685.
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